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Abstract 
In this paper, the NiCr-Cr3C2 coating was prepared by laser-hybrid plasma spraying (LHPS)technology, the NSS (Neutral Salt 
Spraying) test results showed that the LHPS NiCr-Cr3C2 coating had good corrosion-resistance performance comparing with the 
base material and the APS (air plasma spraying) coating. A SEM (scanning electron microscope) was used to analyze corrosion 
morphology of the samples, The LHPS coating overcame many shortcomings of the conventional spraying coatings such as poor 
bonding strength, many porosities, many cracks and so on. LHPS is able to improve the bonding strength as the interfaces are 
melted and joined by the laser simultaneously with plasma spraying. The coating achieves metallurgy bonding and its 
microstructure becomes more compact and therefore its corrosion-resistance performance is greatly improved. 
PACS: 81.15.Rs; 81.65.Kn 
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1. Introduction 
Thermal spraying coatings play a more and more important role in manufacturing and our daily life. It has been 
widely used in many fields such as aviationˈspace, petroleum, chemical plant, automobile, architecture, and so on. 
The thermal spraying technologies are flexible and have high efficiency[1-2]. It can prolong the workpiece life and 
save the manufacturing cost. The traditional thermal spraying technologies have some problems for their spraying 
principle, firstly, the coatings are mechanical bonding and this makes their bonding strength poor. Secondly, the 
coatings are sandwich structures and many cavities and cracks are produced for this. All these defects will do harm 
to the coatings’ performances. 
In this research the NiCr-Cr3C2 coating was fabricated by the laser hybrid plasma spraying technology[3-7] and 
its corrosion-resistance performance was studied. The laser hybrid plasma spraying technology makes use of the 
plasma spraying’s strong points for example its high efficiency, flexibility, the unlimited spraying materials and so 
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on. At the same time, it takes advantage of the laser beam’s fast heating and fast solidification[8]. Through the 
Neutral Salt Spray test, the results demonstrated that the laser hybrid plasma spraying coating had more excellent 
anti-corrosion performance than the air plasma spraying coating and the 38CrMoAl substrate. By the test of the 
coating’s microstructure ˈ it is found that the coating had achieved metallurgy bonding, the coating’s 
microstructures became more dense and presented branch crystal structure. All the above reasons make the coating 
have excellent anti-corrosion performance. 
2. Materials and experimental procedures 
2.1. Samples 
In this paper, 38CrMoAl is used as the base material. The samples of 5mm thick, 35mm wide and 35mm long are 
used to fabricate the coating for the anti-corrosion performance test. A surface area of 35*35mm2 is blasted by 
Al2O3. To form a corrosion resistance coating, we use NiCr-Cr3C2 powder and the powder’s particle diameter range 
is from 15 to 45um. 
2.2. Fabrication procedure 
The coating was fabricated by the laser hybrid plasma spraying system, both the plasma gun and the laser nozzle 
were installed inside a chamber equipped with an exhaust system. 
 
 
Fig.1. The schematic diagram of the laser hybrid plasma spraying technology 
A Nd YAG laser (AM356) working in continuous wave mode at 1.06 um was used and the laser beam was 
delivered by optical fiber to the laser nozzle. A schematic diagram of the laser hybrid plasma spraying process is 
depicted in Fig.1.The plasma spraying was scanned perpendicular to the substrate, and the laser beam was set at 
45°with respect to the substrate. Laser irradiation was superimposed on the sprayed area. The laser beam scanned up 
and down at 2mm spacing and the coating thickness was aimed to be 350um. 
The APS coatings deposition parameters used the same parameters in the table 1.  
Table 1 LHPS coatings deposition parameters 
 















), (V) (A) (mm) 2
-1 -1( gmin ) (mm ) (mms ) (mm) slm slm (KW) 
60 480 19 3 280 95 60 2 2.1 ĭ3 
2.3.  The NSS test and coating’s microstructure test 
The NSS test is processing according to the standard of GB/T 10125-1997, the salt spray liquid is 3.5%NaCl 
solution, PH=6.5~7.2,test temperature is 35ć. All the sides of the tested samples are enwrapped by the neoprene 
except the definite test area. The appearances of the substrate and the coatings after NSS test are given in fig.2. 
These SEM (Scanning Electron Microscope)images before and after NSS test are given in fig.3 and the EDS(Energy 
Diffraction Spectrum) results are given at the same time. The coatings’ microstructures were observed by phase 
microscope of JENAPHOTO2000(made in Germany). 
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3. Results and Discussion 
The appearances of the samples after 96 hours’ NSS test are shown in fig.2. 
   
Fig.2. appearances of the samples after 96 hours’ NSS test, (a) 38CrMoAl substrate  (b) APS NiCr-Cr C  coating  (c) LHPS NiCr-Cr C  coating 3 2 3 2
 The substrate of 38CrMoAl was corrupted seriously, after 96 hours’ NSS test, many corrosion products flowed 
down uninterruptedly from the samples under the salt spray pressure. As it is shown in fig.2(a). The APS NiCr-
Cr3C2 coating was corrupted less serious than the 38CrMoAl, a layer of corrosion products covered with its surface 
and some of them flowed down under the salt spray pressure but the volume was much less than the 38CrMoAl 
substrate. It can be seen in fig.2(b). The LHPS NiCr-Cr3C2 coating had the best corrosion-resistance performance 
and the fig.2(c) shows that there were some corrosion points on its surface but they were scattered and no corrosion 
product flowed down from it.  
Fig.3 gave the test results of SEM and EDS of the coatings and substrate, it can be seen that during the NSS test, 
the base material of 38CrMoAl was corrupted after 30 minutes, and the corruption started from many points at the 
same time, then they extended quickly to be a corrosion surface. The corrosion products link together and 
overlapped, it can be seen from fig.3 (a), they were very loose and easy to flake away from the base material. The 
corruption went deep into the substrate quickly with the time prolonged. The substrate was destroyed rapidly and 
became thin after the corruption. 
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Fig.3. SEM images of the substrate and coatings and the results of EDS test after NSS, (a,d,g)SEM images before NSS test of 38CrMoAl 
substrate, APS NiCr-Cr C  coating, LHPS NiCr-Cr C3 2 3 2 coating, respectively.(b,e,h)SEM images after NSS test of 38CrMoAl substrate, APS 
coating, LHPS coating ,respectively.(c,f,i)EDS test results after NSS test of substrate, APS coating, LHPS coating, respectively. 
The plasma spraying NiCr-Cr3C2 coating started to corrupt from some points at the same time during the neutral 
salt spraying testing, but its starting corruption point can only be found after two hours, it was slower than the 
substrate. From the fig.3 (b), we can see that the corruption point extended slowly and the corrosion products 
extended and linked to be a corrosion surface, they were very loose but only a few of them flaked away from the 
coating surface after 96 hours’ NSS test. Therefore the plasma spraying NiCr-Cr3C2 coating’s corrosion speed was 
much slower than the 38CrMoAl substrate. 
The laser hybrid plasma spraying NiCr-Cr3C2 coating started to corrupt after 12 hours’ salt spray test. For the 
coating achieved metallurgy bonding and its microstructure became very dense, as this can be seen from fig.4, only 
a few of points were corrupted and they grew and extended very slowly after 96 hours’ NSS test. The corrupted 
points were scattered and they could not link together in 96 hours because they extended so slowly, it can be seen in 
fig.3.(c). Compare with the plasma spraying coating and the substrate of 38CrMoAl, the laser hybrid plasma 
spraying coating had the best corrosion-resistance performance. 
 
 
Fig.4. Appearance of the APS and LHPS NiCr-Cr C3 2 coatings and their microstructures, (a,b,c) APS coating’s appearance, interface 
microstructure, surface microstructure, respectively.  (d,e,f)LHPS coating’s appearance, interface microstructure, surface 
microstructure,respectively. 
Through the results of EDS test, it can be found that the substrate 38CrMoAl composition after NSS test 
contained Fe, Cr, Al, O,C elements, Its corrosion products may be the oxidation of Al and Fe. The APS and LHPS 
NiCr-Cr3C2 coatings’ compositions after NSS test are all contained Fe,Al,O,C,Cr,Cl, elements, there must be the 
oxidation of Fe and Al, but the Fe and Al elements are only contained in the 38CrMoAl substrate, this can deduce 
that the coating’s corruption takes place where there are the porosities or cracks which are drill through the whole 
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coating, so the salt spray can penetrate the coating along the porosities or the cracks, the corrosion will take place 
when the salt spray arriving at the substrate surface. After the corruption take place, the corrosion outcomes will 
grow up and extend along the porosities or the cracks to the coating surface, and we can see the corrosion point on 
the coating surface. The corruption will be more serious when there are more porosities and cracks in the coating. 
For the APS coating is mechanical bonding and has more porosities and cracks (fig.4-a,b,c)than the LHPS coating 
so the APS coating was corrupted more seriously. The LHPS coating achieved metallurgy bonding and has more 
dense microstructure (fig.4-d,e,f), it has a few cracks and porosity, so it has the best corrosion-resistance 
performance. 
4.Conclusions 
The results of the NSS test demonstrate that the laser hybrid plasma spraying NiCr-Cr3C2 coating has the best 
anti-corrosion performance compare with the APS coating and the 38CrMoAl substrate.  
(1)The coating’s starting corruption time(12 hours after NSS test) is more late and the corruption speed is more 
slower than the plasma spraying coating(2 hours after NSS test) and the substrate(30 minutes after NSS test) 
because the laser hybrid plasma spraying technology make the coating achieve metallurgy bonding and coating’s 
microstructure become more dense, high bonding strength, less porosity, less cracks, all of these make the coating’s 
corrosion-resistance performance excellent .  
(2)The coating’s corruption take place when the salt spray penetrate the coating till to the substrate surface along 
the porosities or the cracks, the corrosion products will grow up and extend to the coating surface which can be seen 
as the corrosion points. The corruption will be more serious when there are more porosities and cracks in the coating. 
(3)Metallurgy takes place while the powders go through the laser hybrid plasma beam and arrive at the melting 
substrate surface. Firstly, the laser beam heat powders and the substrate at the same time, the substrate produces the 
tiny melting pool under the laser beam action. Secondly, the powders will be melted more sufficiently under the act 
of plasma beam and laser beam simultaneously. Finallyˈwhen the melting powders fed into the substrate’s tiny 
melting pool, the melting powders achieve metallurgy bonding with the melting substrate. 
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